A neutron radiation area monitoring system has been developed for proton accelerator facilities dedicated to cancer therapy. The system comprises commercial measurement equipment, computer hardware and a suite of software applications that were developed specifically for use in a medical accelerator environment. The system is designed to record and display the neutron dose-equivalent readings from 16 to 24 locations (depending on the size of the proton therapy centre) throughout the facility. Additional software applications provide for convenient data analysis, plotting, radiation protection reporting, and system maintenance and administration tasks. The system performs with a mean time between failures of >6 months. Required data storage capabilities and application execution times are met with inexpensive off-the-shelf computer hardware.
INTRODUCTION
Proton beam cancer therapy involves proton currents of the order of 10 11 protons per minute in the 70-250 MeV energy interval. Massive shielding barriers and strict administrative controls limit radiation exposure to patients, staff and members of the general public. However, in contrast to some researchbased accelerator facilities, the clinical environment does not allow for ultra-conservative shielding and safety systems, which would impair patient care (e.g. by preventing rapid access to the treatment rooms and thereby potentially endangering patients requiring immediate medical attention during irradiation). Furthermore, the shielding barriers and mazes would be prohibitively large and expensive if designed for the maximum possible beam usage. Radiationprotection-related design considerations were reviewed recently by Newhauser et al. (1, 2) . To maintain a safe working environment, shielding barriers and administrative controls are supplemented with a radiation area monitoring system that reports real-time measurements of the neutron dose equivalent at various locations in the facility. The monitoring system provides audible and visible warnings if user-selectable preset thresholds are exceeded and it logs data for retrospective demonstration of compliance with regulatory exposure limits. Some monitoring systems are commercially available, but none meet all the requirements for use in a proton radiotherapy centre.
This report describes a radiation area monitoring system specifically designed for use in a proton beam cancer therapy facility, based on lessons learned over the last 6 y in proton therapy projects at the Harvard Medical School (Boston) (1) (2) (3) (4) and the University of Texas M. D. Anderson Cancer Center (Houston).
MATERIALS AND METHODS
The monitoring methods, equipment and software were selected to meet the following requirements: high reliability, extensive functionality, ease of use, maintainability and low latency times. The system is based predominantly on commercially available components complemented by new software developed by the authors and described here. The software architecture collectively known as a LAMP solution is mainly based on the Linux operating system (Free Software Foundation, Inc., Cambridge, MA, USA; www.linux.org) running on an Apache webserver (Apache Software Foundation, Forest Hill, MD, USA; www.apache.org), a MySQL database server (MySQL, Inc., Seattle, WA, USA; www. mysql.com) and applications written in the PHP scripting language (The PHP Group; www.php.net). Additional details on the individual system components are given below. The overall system architecture is shown schematically in Figure 1 .
The proton accelerator and facilities
The University of Texas M. D. Anderson Cancer Center (Houston, TX, USA) is building a Proton Therapy Center (PTC) (5) that includes an injector (7-MeV injector linear accelerator) and a synchrotron that produces pulsed beams of protons in the 70-250 MeV energy interval and up to 6 nA of beam current (6) . The extracted beam is transported to four treatment rooms and one bunker dedicated to experimental work. Three of the treatment rooms contain gantries that allow the beam to be rotated about the patient in the vertical plane. The fourth treatment room contains two horizontal beam-lines, one that is dedicated to the treatment of ocular cancers (E p < 100 MeV) and another generalpurpose treatment beam-line. The facility layout is given in Figures 2 and 3 . The layout of the facility at the Massachusetts General Hospital, Harvard Medical School, is similar but is substantially smaller (3) . As the proton beams interact with matter, such as beam-line components and tissue, intense, potentially hazardous neutron fields are created. Owing to the wide variety of operating conditions used in clinical proton therapy (e.g. beam flux, direction and energy), it is necessary to monitor the instantaneous neutron dose-equivalent rates and to record this data to verify that hourly and annual average exposure limits are not exceeded.
Neutron dose-equivalent meters
The neutron dose-equivalent rates are measured using commercially available neutron detectors, namely a BF 3 proportional counter surrounded by a moderating plastic sphere and counting electronics that can be configured to provide a readout of the neutron dose-equivalent rate. The sphere moderates a fraction of the incident fast neutrons, presenting thermal neutrons to the proportional counter. The thermal neutrons are captured in the counter's gas via the 10 B(n,a) 7 Li reaction, and the ejectile ions produce a large ionisation pulse that is counted with the local readout electronics module. This module includes a high-voltage power supply, for biasing the proportional counter; pulse shaping and amplification electronics; a single-channel analyser (SCA) for pulse height discrimination; various audible and visible alarms and an RS-232 asynchronous data communications port. At 2-s intervals, the local readout module sends a byte stream containing the number of SCA counts to a computer-based data acquisition system in a pipe-lined manner, i.e. without a handshake. The detectors are calibrated at the proton facility, using an isotopic (Am-Be) neutron source (7) that is traceable to the US National Institute of Standards and Technology. This avoids damage to the detectors and shift of their calibration coefficients due to shipping and handling. The meters are installed at various locations throughout the building, including unrestricted and restricted areas. In general, the monitors are placed to allow for the estimation of normal exposures to patients, staff and members of the public during routine facility operation and to provide a basis for estimating the magnitude of unintended exposures. In addition, some monitors are placed in restricted or minimally occupied areas to provide data for the quantification of accidental exposures.
Data acquisition hardware
The data acquisition computer is equipped with two 16-port RS-232 protocol serial communication expansion cards. Each port captures a byte stream from a single monitor. The measured data are processed on the same computer and then sent via the facility's local area network (LAN) to be stored in a relational database application running on a separate, remote database server. All display and analysis software applications retrieve data from the LANbased storage device. The acquisition computer's local hard-disk serves as a redundant repository for the data, thus reducing the chance of data-loss in the event that the remote storage device malfunctions. The neutron monitors are connected to the acquisition computer with shielded, 8-conductor Category 6 cable and RJ-45 connectors (these are best installed during the facility construction).
Software
The Neutron Detector (NDET) code is a standalone data-acquisition program for capturing and (Figure 2 ). This level is equipped with three monitors in the power supply room (22-24) and one monitor in a radioactive materials storage room (21). These areas have low occupancy rates and are not accessible to the general public.
recording the neutron dose-equivalent rate and corresponding date and time. These data are logged for all monitors, asynchronously and at 2 s intervals. The data are saved to both flat files on the data acquisition computer and to a remote database. The acquisition program is written in Cþþ programming language, uses proprietary drivers for the multi-port serial communication cards, and runs under the Microsoft Windows (Redmond, WA, USA; www. microsoft.com) operating system. The MySQL database server is run on a computer using a Linux operating system because of these systems' good performance and reliability. MySQL is a fast, stable and highly configurable relational database management system that is robustly integrated into the creation of dynamic internet and intranet web pages. The operating system and database server are configured to allow authorised users access to the monitoring system data from any computer on the LAN for system administration and display and analysis of dose-equivalent rates.
An application for the real-time visualisation of dose-equivalent rates, the Monitor Alert Web Page (MAWP), may be run from any computer with an Internet browser. It provides a map or floorplan of the PTC facility, with a colour-coded alphanumeric display of the average dose-equivalent rates at each monitor. The displayed rate is averaged over the previous 2-min period to minimise large, but statistically insignificant, instantaneous dose-equivalent rates. The colour indicates whether the reading is below the warning threshold (green), above the warning threshold (yellow) or above the alarm threshold (red), or whether the neutron monitor is malfunctioning (black). The MAWP display application is written in PHP scripting language and runs on the computer running the Apache web server.
SIEVERT is an application that queries the stored data and creates a neutron dose-equivalent summary for an arbitrary time-interval specified by the user, e.g. for radiation safety compliance reporting. It can generate a summary report for multiple monitors or a detail report for an individual monitor. SIEVERT may be run from a graphical user interface (GUI, described below) or from the command line. The summary report contains information about total dose-equivalent, average dose-equivalent rate, the maximum instantaneous and hourly average doseequivalent rates, warnings for dose-equivalent readings that are above preset thresholds and similar data. SIEVERT is written in Cþþ language and runs on the database server computer. The Neutron Report Generator (NRG) is an application that provides a GUI front-end for the SIEVERT program. NRG is accessible from a web browser and runs on the Apache web server computer, which accesses data via the database server. It is written in PHP language.
The Neutron Monitoring Administration Program (NMAP) is an application that is typically used by the radiation protection staff to update configuration profiles for each of the neutron monitors. The configuration profiles include monitor locations, device identification numbers, calibration coefficients, alarm threshold levels and communication protocol settings. NMAP, written in the PHP language, provides a GUI for the display and editing of configuration profiles, which are stored in the relational database. Configuration profile editing is restricted to authorised users, under user name and password protection. NMAP is accessible from a web browser and runs on the web server computer.
RESULTS
Upon completion of the software development, the monitoring system was configured for use at the M. D. Anderson proton therapy facility. Each of the software and data-acquisition hardware subsystems has undergone extensive testing including a 2-month-long continuous data-acquisition test, during which 24 simulated detector data streams were logged to the database application. During this test, various system software components were used (e.g. to display, analyse and report the neutron dose-equivalent levels in a variety of formats) to verify that the system operates properly under realistic conditions (e.g. while simultaneously servicing several client applications). No failures were observed during these tests. Based on this result and previous experience with earlier versions of the system, the mean time between failures (MTBF) for the entire system was estimated at 6 months. The most common failure modes are catastrophic failure of the proportional counter and gradual drifts in the counter's calibration coefficient over time.
The data-acquisition system is capable of capturing data simultaneously from 32 channels at the rate of 144 kB s À1 per channel, which is significantly greater than the total of 156 B s À1 generated from all 24 monitor data streams acquired in this work. Therefore, the data acquisition system could easily accommodate a vastly greater number of monitors or a shorter logging interval.
To reduce query times associated with the SIEVERT application, the neutron dose-equivalent rates were processed on a 1-min time grid. The permanent storage of these data requires $100 kB d
À1
per detector in the database or in the ASCII-format flat files. This corresponds to $900 MB year À1 for continuously logging all 24 monitors using one data storage technique (i.e. the database or the flat files, but not both). A 40-GB hard-disk is therefore sufficient for storing all the monitoring data that will be generated over a typical contemporary facility's entire design lifetime of $30 y.
The execution time for SIEVERT to generate a report depends upon the selected time interval, the type of report desired and the total number of detectors requested. The total execution time, which involves both retrieving the data from the database and processing it in the application, is 125-250 ms per day per detector requested from the database. For example, creating a summary report covering all 24 monitors for 1 week's worth of data takes $48 s. The flat-file queries are used as an independent test of the database's query result, e.g. for software regression testing.
DISCUSSION AND CONCLUSIONS
The neutron area monitoring system described here was developed to ensure that staff, patients and the general public are protected from radiation in a proton radiation cancer therapy centre. The system is extremely reliable, fully featured, easy to use and maintain and provides adequately small latency times in data acquisition, display and analysis. The software applications are available from the authors and the hardware is available commercially.
This area monitoring system is based on six years' experience with two previous generations of prototype systems. Commercial hardware is used to minimise the effort of facility staff related to component repair and replacement. The software components contain essentially all the functions needed for routine radiation monitoring and for monitoring system configuration. Overall, the system exhibits excellent reliability and performance.
It is important to perform a constancy check on the area monitors about once a month. In this test, an isotopic neutron source is placed at a predefined position near the deployed monitor. The measured dose-equivalent rate is compared with previous values to verify that the response has not changed. Testing has shown that six months is an appropriate interval for calibration of the area monitors; this procedure also uses an isotopic neutron source, but in a low-scattering calibration geometry (7) . It appears that this system may be applicable to other radiation monitoring applications, such as reactors, transportation portals (for detection of elicit fissionable materials) and the like. Current efforts are focussed on modifying the area monitors and data-acquisition system to communicate with the TCP/IP protocol, which would allow some reductions in cabling costs and monitoring over virtually unlimited distances.
